This paper describes the fabrication of a novel type of pressure sensor based on optical feedback in a Vertical Cavity Surface Emitting Laser (VCSEL). The detection mechanism of the sensor is based on a displacement measurement through self-mixing interferometry in the laser cavity. Using this technique a sensing resolution of half the laser wavelength can be achieved. The use of unpackaged VCSELs allows the integration of the sensor in a flexible polymer material, which enables thin and ultimately bendable optical sensing foils. Moreover, the use of unpackaged dies limits the sensor dimensions and minimizes the distance between two sensing points. Consequently, dense matrices of highly accurate sensing points can be fabricated. A proof of principle set-up for this new sensing mechanism has been developed and a first demonstrator has been fabricated and characterized.
INTRODUCTION
Sensors to measure physical properties such as pressure, temperature and the proximity to other objects are widespread and developed by multiple companies and research centers. They are mostly based on piezoresistive, piezoelectric or capacitive force sensing technologies. Such miniaturized sensors can be fabricated based on microelectromechanical systems (MEMS) technology. These devices are built on rigid carriers, such as silicon wafers and suffer from different disadvantages such as limited spatial and sensing resolution and expensive manufacturing processes. When covering large sensing areas, the interconnection of those electrical sensors is also a major challenge. The sensor we present however is an optical alternative based on the use of Vertical Cavity Surface Emitting Lasers (VCSELs), a special type of laser diodes, as pressure sensitive elements. Using unpackaged laser diodes, one can integrate this sensor in a thin optical package (an optical sensing foil) which can be fabricated on a rigid or flexible substrate. This embedding technique requires the use of various dedicated process steps such as thinning of VCSEL components and laser drilling of contacting vias. The major advantage of integrating this sensor element in flexible polymer embedding materials is the possibility to mount the sensor on a non-planar surface or even a flexible object, such as a robot arm or a human body. Within the field of tactile sensors, such an integrated sensing patch consisting of a dense matrix of sensing points is called an artificial skin.
The sensing mechanism is based on optical feedback in laser diodes which leads to a very high sensing resolution (half the VCSEL wavelength) and a high spatial density of sensing points. This spatial resolution depends on the pitch of the unpackaged laser diodes, typically down to a few hundreds of micrometer. The three unique advantages of this sensor are consequently the sensitivity (typically down to 425 nm, in case of a VCSEL wavelength of 850 nm), the spatial resolution and the miniaturization using very thin optical foils to embed the sensor. As active optoelectronic component, an array of 4 VCSELs, commercially available through ULM Photonics 1 , is used.
SENSING MECHANISM

Principle
The pressure sensing mechanism is based on the self-mixing interference effect in VCSELs which is observed when a fraction of light emitted from the laser is injected back into the laser cavity by reflection from an external target 2 , as depicted in Figure 1 . P 0 is the power emitted by the laser and generated by the internal VCSEL cavity mirrors R internal . On top of the VCSEL emitting area, an extra laser cavity is created by an external air gap or a polymer sensing material. The external mirror, R external causes a partial reflection of the optical power, P target , back into the laser cavity.
Due to the coherence of the emitted laser light, the reflected light is superimposed in a deterministic way with the light inside the laser cavity. The phase shift introduced by the round trip travel to and from the target, influences the optoelectronic characteristics of the laser. This ultimately results in a periodic variation of laser wavelength, optical power and electrical steering voltage/current, all with period λ/2 (λ being the wavelength of the VCSEL, typically 850 nm). This means that the target (R external ) displacement can be calculated by counting the number of peaks in the periodic signal between the initial and the final position of the target, where the spacing between the two consecutive peaks corresponds to the distance of λ/2. A continuous monitoring of VCSEL wavelength, optical power or electrical steering voltage/current allows the determination of the target position on a submicron scale.
It is important to emphasize that the maximum external cavity length is a few millimeters. The laser diode emits a Gaussian beam profile and the divergence angles of the VCSEL are a little under 10° in both the horizontal and vertical plane. Positioning the external mirror further away from the VCSEL, results in too high optical losses blocking the laser feedback mechanism. An optical feedback power of a few percents of P 0 is the threshold value for this optical sensor.
Feedback parameter C
Because the non-linear character of the VCSEL, the interferometric signal is not perfectly sinusoidal but suffers from a certain degree of asymmetry. This degree of asymmetry is defined by the feedback regime in which the VCSEL is operated when measuring the displacement applied by an external force. The associated VCSEL parameter is defined as the feedback parameter C 3, 4 :
L external is the length of the external cavity and L represents the initial cavity length. The linewidth enhancement factor of the VCSEL is represented by α. A feedback parameter between 0.1 en 4.6 enables displacement measurements based on the self-mixing effect in the VCSEL. The theory explained here is developed for single mode operation of a VCSEL. A similar reasoning can be made for multimode operation but depending on the intensity ratios of the transversal modes, the amplitude of the periodic variations will change with time 5 . This can potentially limit the sensing resolution of the VCSEL. To prevent this, one can tune the VCSEL current towards the area where this effect is minimal: limiting the VCSEL driving current typically results in a smaller amount of modes present in the VCSEL beam. The VCSELs used in this article are multimode because of the advantage from a technological point of view: all contacts are situated on top of the unpackaged chip which avoids the deposition of an extra back contacting layer when thinning down individual dies.
Resolution doubling
Another advantage of using this multimode VCSEL is the possibility to double the sensing resolution, as described by Ruiz-Llate et al. 6 . Nevertheless, the periodic variation will no longer be a simple sinusoidal signal in this case and consequently more advanced signal analysis will be needed to read out the sensor.
PROOF OF PRINCIPLE
Set-up
A discrete set-up is developed to prove the principle of this new sensing mechanism: a VCSEL is positioned on a fixed location, in front of a moveable reflector close to the active area. This reflector comprises a thin layer of gold on top of a multimode silica fiber with a 62.5 μm core diameter which nevertheless transmits a few percents of the laser light. The cavity between the VCSEL and the reflector consequently consists of the air gap between the light emitting area of the VCSEL and the moveable reflector. This is indicated by L ext in Figure 2 . The VCSEL is wirebonded on a rigid FR4 carrier and driven by an external Source Measuring Unit (SMU). The active area of the sensor where the feedback principle is actually demonstrated, consequently only consists of the wirebonded VCSEL, the air gap of a few millimeters and the golden reflector of a few tens of nanometer. A detailed picture of the metal coated fiber and the wirebonded VCSEL is shown in Figure 3 . Additionally, a CCD camera, a fiber holder and the contacting wires are also shown in this figure. The external reflector is placed on motorized translation stages to control the position on a submicron scale in 3 dimensions. The Newport PM500 controller is steering these stages and records the exact position of the different building blocks. Changing the length of the air gap is done by varying the position of the external reflector. The SMU provides the driving current of the VCSEL and monitors the voltage at different moments whereas the photodetector (PD) measures the optical output power of the sensor. Although each building block has its own controller, a central PC unit is needed to drive all these controllers and to process the measured data. The complete set-up is shown in Figure 2. 
Reference measurements versus experiment measurements
Variations in both electrical current and optical power are monitored simultaneously. The steering of the reflector and the readout of the sensor are driven by a dedicated LabView control module on the PC unit. This set-up has proven the sensing mechanism both in single-and multimode operation of the VCSEL, as shown in Figure 4 . Periodic variations were observed in the optical power as well as in the electrical current. In Figure 4 (a) the readout of the stages is shown depicting the position of the stages along the horizontal axis. The reference measurement is a static measurement whereas the experimental result requires a dynamic variation over 5 µm. Figure 4 (b) shows the optical power, measured through the multimode fiber core. Although the fiber facet is coated with a reflecting gold layer, the detector is accurate enough to see the periodic variations in the transmitted power when changing the external cavity length. As a result, only the relative values of the measured optical power are valid results. Figure 4 (c) shows the electrical current measured by the SMU with a sampling ratio of 12 Hz and proves the sensor working principle. A sinusoidal variation of the current with a peak-to-peak amplitude of 8 μA is the result. The VCSEL voltage is ≈ 1.6 V for all the measurements in Figure 4 . Although the expected frequency of the measured signals is half the VCSEL wavelength (425 nm), frequency analysis using discrete Fourier transform yields a signal period of 410 nm. This 15 nm deviation could be due to inaccuracies introduced by the measurement set-up.
INTEGRATION OF THE SENSOR
Embedding optoelectronics
Recently, our research group (CMST) has developed the capability to integrate electronics and optoelectronics in flexible and even stretchable polymer host materials. More specifically, Bosman et al. 7, 8 have shown the integration of a VCSEL, a polymer waveguide, coupling structures, and a photodetector in a flexible polymer material resulting in a flexible optical link.
A similar process flow can be used for the first integration steps of this sensor. A rigid carrier typically serves as a start for the processing and will be removed afterwards. A flexible polyimide layer is spincoated as a first supporting layer on top of this carrier. The second layer of the embedding stack is a 10 μm thick copper layer which is applied by sputtering and plating. This copper layer can serve as a back contacting layer and is crucial to provide heat sinking to the optoelectronic components embedded in the polymer foil. Next, an embedding polymer is applied by spincoating different layers on top of each other. This embedding layer consists of a standard polymer such as SU-8, an optical material such as TrueMode™ ,9 or even a modified optical polymer to enhance the mechanical and optical parameters. Different research projects 10, 11 are ongoing to fine-tune the parameters of the embedding polymers in terms of refractive index, flexibility and biocompatibility.
Cavities in the polymer optical layer to place and fix the active laser devices 1 are made by laser ablation. Different techniques to process the optical layers are discussed in Van Steenberge et al. 12 . For this research, we focus on a direct writing process involving a CO 2 laser (λ = 10.6 μm) which enables a fast and easy definition of cavities. Expensive lithography steps are consequently avoided and the ablation designs are easy to define and adapt. The embedded optoelectronic components typically have a height of a few hundred micrometers but can be thinned down to a few tens of micrometers. This is done in-house by subsequently lapping and polishing the back side of the laser diodes. Depending on the contact structure (top-top contacts versus top-bottom contacts), a metallization step to provide back contacts is needed.
After aligning, placing and fixing the VCSELs in the ablated cavities, a covering top polymer layer is spincoated with a thickness of approximately 10 μm. To connect the embedded VCSEL, microvias are drilled through the top covering layer. Similar to the direct writing of cavities, an excimer laser (λ = 248 nm) is now used to open the contact vias to the active areas. A metallization step, consisting of sputtering a 1 μm thick copper layer, is needed to contact the embedded VCSELs. The result is an embedded VCSEL which can now be used to create the integrated sensor. A schematic crosssection of the sensor built-up at this stage is shown in Figure 5 and a microscope top view is depicted in Figure 6 . 
Integrating a sensing layer
When embedding this sensor in an optical foil, the external air gap cavity which was used in the discrete set-up, has to be replaced by a thin, compressible sensing layer. This sensing layer will be applied on top of the top contact metallization layer. A covering mirror which moves along the vertical axis, will introduce the feedback in the external cavity.
Different types of sensing materials have been investigated and mechanically simulated. A finite-element software program, Comsol, is used to simulate the deformation under pressure. A thermally curable PDMS material, Sylgard 184® from Dow Corning 13 has been selected: a pressure of 1 bar corresponds to a compression of 10 μm given an initial height of 100 μm.
To obtain a uniform sensing layer with a well controlled thickness, spincoating is used to apply this final layer of the VCSEL stack. The total thickness of the sensor, excluding the covering mirror, is 150 µm. Vias to open the VCSEL contact paths are drilled through the PDMS layer using the CO 2 laser and wires are soldered to steer the integrated component with an external driving source (Figure 7) . The Sylgard184® is a PDMS material which inevitably causes a hysteresis effect when applying a force (discussed in the next section). First characterization tests of this sensor, monitoring both optical power and electrical current, have been carried out and confirm the proposed sensing mechanism. Detailed characterization tests using a dedicated set-up to accurately control the applied force have also started and are discussed in the next section. 
CHARACTERIZATION OF THE INTEGRATED SENSOR
To characterize and read out the integrated sensor, a dedicated set-up is needed. We use an automated force applying setup, available at the PMA division of the Katholieke Universiteit Leuven. The force applying unit is an AGIE Compact EDM-machine, which allows displacement in x, y and z directions in a wide workspace and with an accuracy of a few µm. This set-up is shown in Figure 8 : the force applying unit imposes a vertical displacement on a spring which causes a deformation of the sensing layer on top of the VCSEL. Several springs have been tested and characterized. The VCSEL is integrated in transparent polymer and PDMS layers and is connected by sputtered contact paths (described in the previous section). The active component is identical to the one used by Bosman et al. 7, 8 and can be operated both in single-and multimode by varying the electrical steering current. The VCSEL is thinned down to 25 µm and as a result, the sensor can be bent around irregularly shaped objects. When performing functional tests, one needs a discrete mirror between the force applying probe and the active area of the integrated VCSEL. In this set-up, the mirror consists of a flexible polyimide foil with a thickness of 25 µm with a 9 µm reflecting copper layer on top (not shown in Figure 8 ).
Initial characterization tests have been carried out on the integrated test samples. Only the electrical parameters are monitored because the rigid, large and expensive optical readout of the sensor neutralizes the integration advantages. A typical readout result of the force and current variation is illustrated in Figure 9 and Figure 10 . The electrical current is sampled at 1 kHz and the resulting signal is digitally filtered by applying a low-pass third order Butterworth filter to get rid of the high frequency noise. The signal is also averaged over 1000 samples to filter out low frequency noise and prevent the sensor from picking up random periodic variations.
A force of 1.10 mN is linearly applied on top of the integrated sensor and the electrical voltage is held constant at 1.6 V while monitoring the electrical current variation. The spring which is used to apply the force has a spring constant of: k = 1.079 mm mN (2) When increasing the force to 1.10 mN (Figure 9 ), a periodic variation is observed in the electrical current ( Figure 10 ). Releasing the force nevertheless results in a much slower variation which is also quite noisy, indicating the hysteresis effect of the PDMS material. Each positive peak indicates a 425 nm position change of the external reflector: a total displacement of 6.3 µm is measured by the VCSEL sensor. Due to the hysteris effect of the PDMS sensing material however, the frequency of the signal varies with time when releasing the applied force. As a result, the sensor needs several minutes to relax to its initial state.
Further research is needed to fully characterize the sensor and the sensing material and to link the displacement measurements to actual pressure values applied by an external unit. 
CONCLUSION
A new pressure sensor has been developed based on optical feedback in a vertical cavity surface emitting laser. To introduce this feedback, an external cavity is created. By compressing this cavity and thus changing the external cavity length, the optical and electrical VCSEL parameters are adjusted. A discrete set-up has proven this sensing mechanism: when varying the external cavity length, a periodic signal is observed both in the optical power and the electrical voltage. The readout of the sensor is done by signal processing the optical or electrical variations, essentially based on counting the number of peaks in the periodic signals.
Various polymers are used to embed the sensor in a flexible sensing foil. This new approach allows tactile sensing on a very accurate scale and enables sensing on non-planar surfaces making use of the thin and flexible integrated VCSEL.
The integrated optical sensor, based on optical feedback in the embedded compressible (PDMS) sensing material, can be used in a wide range of applications where a high density and high accuracy sensor is needed.
